Investigation of competitive adsorption is carried out using the Xe-Ar mixture in zeolite NaA as a model system. The Xe n clusters are trapped in the alpha cages of this zeolite for times sufficiently long that it is possible to observe individual peaks in the NMR spectrum for each cluster while the Ar atoms are in fast exchange between the cages and also with the gas outside. The 129 Xe nuclear magnetic resonance spectra of 12 samples of varying Xe and Ar loadings have been observed and analyzed to obtain the 129 Xe chemical shifts and the intensities of the peaks which are dependent on the average argon and xenon occupancies. The detailed distributions, f ͑Xe n Ar m ͒, the fractions of cages containing n Xe atoms and m Ar atoms cannot be observed directly in this system, that is, individual peaks for Xe n Ar m mixed clusters are not observed in the NMR spectrum. This information is, however, convoluted into the observed 129 Xe chemical shifts for the Xe n peaks and the distributions P n , the fraction of cages containing n Xe atoms, regardless of the number of Ar atoms, obtained from their relative intensities. Grand canonical Monte Carlo ͑GCMC͒ simulations of mixtures of Xe and Ar in a rigid zeolite NaA lattice provide the detailed distributions and the average cluster shifts, as well as the distributions P n . The agreement with experiment is reasonably good for all 12 samples. The calculated absolute chemical shifts for the Xe n peaks in all samples at 300 K range from 75 to 270 ppm and are in good agreement with experiment. The GCMC results are compared with a strictly statistical model of a binary mixture, derived from the hypergeometric distribution, in which the component atoms are distinguishable but equivalent in competition for eight lattice sites per cage under mutual exclusion. The latter simple model introduced here provides a limiting case for the distributions, with which both the GCMC simulations and the properties of the actual Xe-Ar system are compared.
INTRODUCTION
Microporous solids, zeolites in particular, are widely used in heterogeneous catalytic processes, separations, oil recovery, and other industrial processes. [1] [2] [3] A microscopic understanding of elementary processes at surfaces, such as adsorption and diffusion is an important fundamental problem and may assist in interpreting more complicated surface chemistry. A simple rare-gas physisorption system is a good starting point to investigate the distribution and dynamic behavior of adsorbed species. For our model system we have chosen zeolite NaA. This is an aluminosilicate of formula Na 12 ͓͑SiO 2 ͒ 12 ͑AlO 2 ͒ 12 ͔ whose crystal structure is well characterized. The framework structure provides a simple cubic arrangement of contiguous large cages ͑alpha cages͒. A Na ϩ ion in each of the six windows to the cages keep the Xe atoms adsorbed inside for sufficiently long residence times such that each Xe n is observed as a distinct signal in the high resolution NMR spectrum.
What is the equilibrium distribution of sorbate molecules in a given microporous solid? What factors influence this distribution? Until recently, 4, 5 there had been no experimental measurements to provide the distribution of molecules in zeolite cavities. In our laboratory, we have directly observed in zeolite NaA the fraction of alpha cages containing, one, two,..., up to eight xenon atoms per cage. This distribution is found to be dependent on xenon loading and temperature. Grand canonical Monte Carlo ͑GCMC͒ simulations of this system have reproduced not only the observed distributions but also the 129 Xe chemical shift of the individual Xe n clusters and their temperature dependence. 6 We have also measured the individual rates of transport of Xe atoms from a cage containing eight Xe atoms into a cage containing six, for example, and discovered that it is different from the rate of transport of a Xe atom from a cage containing three Xe atoms into a cage containing four atoms, 7 as was also found independently by Pines et al. 8 Adsorption and diffusion of single gases in zeolites have been well studied in comparison to the adsorption of gas mixtures. Since industrial adsorption processes involve adsorption from streams which have multiple components, and since applications of zeolites in separations depend on competitive adsorption, fundamental studies of binary and more complex mixtures in zeolites is extremely relevant. In early work, competitive adsorption of O 2 , CO, CH 4 , N 2 in binary mixtures in zeolite 5A, 9,10 N 2 and CO 2 in silicalite, 11 and ternary mixtures of N 2 , O 2 and Ar in zeolite 5A 12 have been reported. More recently, selectivity coefficients in the adsorption of binary mixtures of hydrocarbons and of CO 2 -N 2 in silicalite, 13 binary mixtures of N 2 , O 2 , and Ar in zeolite NaCaX, 14 binary mixtures of cyclohexane with di-Mepentane isomers in silicalite, 15 and binary and ternary mixtures of di-Me-naphthalene isomers in zeolite X and Y 16 have been found to be strongly dependent on the composition of the fluid phase. In selected instances, 16 -18 the results of competitive adsorption has been discussed in terms of ideal adsorbed solution theory. 19 This theory, which considers the adsorbed phase to be an ideal solution where Raoult's law describes the binary sorption equilibria, is particularly useful for systems in which the molecular volumes of the components are similar. 10, 11, 20 The most detailed interpretation of binary mixtures in zeolites comes from grand Canonical Monte Carlo simulations, such as those which have been reported for N 2 -O 2 mixtures in zeolite 5A, 21 for mixtures of CH 4 -CO 2 and C 2 H 4 -CO 2 in zeolite X, 20 for CH 4 -N 2 in NaY 18, 22 and for Xe-Ar, CH 4 in A-type zeolites. 23 However, besides the selectivity coefficients, there is little else resulting from these simulations that could be compared with experiment.
Changes in the 129 Xe chemical shifts due to the presence of other guest molecules in the cavities has raised the possibility of using Xe NMR as a means of characterizing the intrazeolitic distribution of the guest molecules. 24 -26 However, these studies involve having the Xe in fast exchange and the guest molecules having very long residence times in the cavities, thus, only a single Xe peak can be observed and its chemical shift is an average over all cavity occupancies for the guest and for the xenon atoms. Before any quantitative applications can be made of this method, more detailed information about the distribution of Xe and the coadsorbate among the cavities is crucial, yet there have been no studies that shed light on this question.
What is the role played by coadsorbates in the distribution of one type of molecule throughout the microporous solid? In the ideal case, we expect to be able to measure directly the equilibrium distribution of molecules of one type in cages containing only one, or exactly two, or some other known number of molecules of a second type. That is to say, it would be desirable to measure directly the fraction of zeolite cages containing nA molecules and mB molecules. Such detailed information together with the partial pressures or densities of the A and B in the gas in equilibrium with the adsorbed phase would provide a more complete description of competitive adsorption than has ever been available. We have indeed succeeded in the observation of mixed clusters Xe n Kr m peaks in the 129 Xe NMR spectrum of Xe-Kr mixtures in zeolite NaA, from which peak intensities the detailed distributions can be directly obtained. 27 However, the range of Kr occupancies in which this can be done is rather narrow due to unfavorable cage-to-cage migration rates of Kr for mixed clusters having more than one Kr atom. In this paper, we investigate the Xe-Ar competitive adsorption in zeolite NaA, in which the Ar atoms are in fast exchange while the Xe n clusters remain in the cages during the NMR measurements. These studies cover a broad range of average occupancies and provide detailed information at the intermediate level since each Xe n cluster is observed in the presence of average numbers of Ar atoms, a different average number for each Xe n cluster size, which we shall denote as ͓͗m͘ Ar ͔ n . We obtain the 129 Xe NMR chemical shifts for each Xe n cluster as well as direct measures of P n , the fraction of zeolite alpha cages that contain n Xe atoms regardless of the number of Ar atoms. We report grand canonical Monte Carlo simulations of this system and also consider a strictly statistical model of a binary mixture, derived from the hypergeometric distribution, in which the component atoms are distinguishable but equivalent in competition for eight lattice sites per cage, subject to mutual exclusion.
EXPERIMENTAL AND COMPUTATIONAL METHODS

Definitions
Let the fraction f (n,m)ϵ f ͑Xe n Ar m ͒ be the fraction of the alpha cages containing n Xe atoms and m Ar atoms. The observed intensities of the Xe n cluster peaks is related to the fractions of alpha cages containing n Xe atoms regardless of the number of Ar atoms, which is given by,
Note that the fraction of ''empty'' cages ͑having zero Xe atoms and therefore no observable intensity in the 129 Xe NMR spectra͒ includes the truly empty cages as well as all those occupied by various numbers of Ar atoms, Xe shieldings with increasing m in the mixed clusters Xe n Ar m , it is helpful to consider the average ͗m͘ Ar corresponding to only those cages having specifically n Xe atoms, which we designate as ͓͗m͘ Ar ͔ n . This is, of course, given by
At a given temperature, the observed average shielding for those cages having n Xe atoms will differ from that observed for Xe n in the pure xenon samples by an amount that is determined entirely by ͓͗m͘ Ar ͔ n .
Sample preparation and high resolution NMR
Sample preparation has been previously described. 5 Four mm ͑o.d.͒ tubes are fashioned from ordinary borosilicate tubing, containing a volume of 0.20-0.25 mL, calibrated with mercury. A known mass of zeolite is introduced ͑typically 50 mg͒, dried for 16 h under ''thin-bed'' conditions at 350-400°C under vacuum. A known number of moles of Xe and Ar are introduced and the sample is flame-sealed under liquid nitrogen. The mass balance of Xe and Ar between the adsorbed and gaseous phases can be obtained from NMR data in an experimental manner. Measuring the intensity of the Xe signal in the gas phase of the inverted tube ͑posi-tioned carefully and reproducibly in the receiver coil͒ yields the density of gaseous xenon in the tube. Care must be taken that the longitudinal relaxation time of the sample is adequately considered. This allows the mass-balance determination of xenon between the gaseous and adsorbed phases.
Spectra were taken on a Bruker AM-400 spectrometer, temperature-controlled at 300 K using the 1 H spectrum of neat ethylene glycol as a secondary temperature standard. The spectrometer was run unlocked ͑magnet drift is negligible͒ with the field adjusted so that the resonance frequency of the methylene group of ethylene glycol is at 400.139 015 MHz. A pulse width of 22.5 s ͑90°pulse͒ was used with a 10 s relaxation delay. Our earlier magnetization transfer experiments 7 showed us that the experimental relaxation time of all Xe n clusters in a given sample is identical due to cage-to-cage migration. Thus the relative peak intensities of Xe n in these specific systems are reliable over a wide range of recycle times. Typically 500-8000 scans were collected for the spectra of 129 Xe in the zeolite. Much greater care was needed with regard to obtaining reliable intensities for the gas peak where densities may be low and Xe relaxation times relatively long. 30°pulse widths and recycle delays of 60 s insure that intensities are reliable within a relative error of 10% even if T 1 ϭ60 s. In our samples there are heterogeneous mechanisms or other minor sources for relaxation for 129 Xe in the gas phase, which help to shorten T 1 . Typical
129
Xe high resolution NMR spectra are shown in Fig. 1 .
Determination of overall ͗n͘ Xe and overall ͗m͘ Ar
The fractions P n of cages containing n Xe atoms regardless of the number of Ar atoms are observable quantities, derived from the integrated intensities of the Xe n peaks just as in the pure xenon case. 5 The experimental distribution of occupancies of the alpha cages were obtained by fitting the spectra to a combination of Lorentzian/Gaussian functions ͑GRAMS, Galactic Industries, Salem, NH͒. The spectroscopic ͗n͘ Xe is directly obtained from the areas A n of the Xe n peaks. If we let g(n) be the fraction of those cages occupied by Xe atoms which contain n Xe atoms,
The fraction of all alpha cages containing n Xe atoms, P n , is the same as g(n) when all cages contain at least one Xe atom. P n differs from g(n) only very slightly for xenon loadings ͗n͘ Xe Ͼ4.0. When the ͗n͘ Xe Ͻ4.0 the relative inten- sities together with the spectroscopic ͗n͘ Xe obtained from them provide the fractions of cages which are occupied by Xe atoms if the xenon loading ͗n͘ Xe is known, from xenon mass balance, for example. The relation between these two sets of quantities is, of course, ͑ 1Ϫ P 0 ͒ϭ͗n͘ Xe /͗n͘ Xe, spectrosc , P n ϭ͑1Ϫ P 0 ͒g͑ n ͒.
Although mass balance provides P 0 , it becomes much more difficult to determine the Xe density in the gas phase accurately because the bulk gas in equilibrium with the adsorbed atoms is a mixture. For those samples in which the overall ͗n͘ Xe can also be obtained spectroscopically, i.e., when all cages contain at least one Xe atom, the values of ͗n͘ Xe obtained directly from the intensities of the Xe n peaks and those obtained from mass balance should be identical, and we use the spectroscopic ͗n͘ Xe in these cases. For the other samples, we use the hypergeometric distribution to find the fraction P 0 of empty cages from the spectroscopic ͗n͘ Xe .
This procedure then allows us to determine a more accurate experimental ͗n͘ Xe for the sample than we can obtain from Xe mass balance and we shall see later ͑in the penultimate figure͒ that this procedure is entirely justified. Now, about the determination of the overall ͗m͘ Ar in the Xe-Ar coadsorption in NaA. In principle, given the density of the Xe in the gas phase outside the zeolite crystallites, and the 129 Xe chemical shift of the gas peak, it should be possible to determine indirectly the density of Ar in the gas phase, since the 129 Xe chemical shift behavior in all-gas mixtures of Xe and Ar has previously been established. The relation is given by,
where ͑T,͒ is the shielding in the gas mixture, 0 (T) is the shielding of an isolated Xe atom, 1 (T) Xe-Xe is the second virial coefficient of the Xe shielding due to Xe-Xe interactions, and 1 (T) Xe-Ar is the second virial coefficient of the Xe shielding due to Xe-Ar interactions, which have previously been published. 28 Using Xe from the intensity of the gas peak, we could subtract out the Xe-Xe contributions to the gas peak shift, to leave the Xe-Ar contributions and thereby calculate Ar . By mass balance of Ar atoms, the overall ͗m͘ Ar can then be obtained. This procedure, however, would leave all the errors coming from the various measurements ͑total moles of Ar in the sample, total moles of Xe in the sample, gas peak intensity, gas peak chemical shift, 1 
Grand canonical Monte Carlo simulations
The grand canonical ensemble is appropriate for adsorption systems, in which the adsorbed phase is in equilibrium with the gas at some specified temperature. The use of a computer simulation allows us to calculate average macroscopic properties directly without having to explicitly calculate the partition function. The grand canonical Monte Carlo ͑GCMC͒ method as applied in this work has been described in detail earlier, 6 so only the aspects involving binary fluid mixtures will be mentioned here. Cut-and-shifted LennardJones ͑12-6͒ potentials were used to model the interactions between rare gas-oxygen and rare gas-Na. These effective potentials describe the interaction between the adsorbed fluid and the zeolite; the Si and Al atoms are not directly involved in the simulation, their influence being incorporated into the parameters of the rare gas-oxygen potential, which are dependent on the Si/Al ratio. The Xe-O and Xe-Na parameters are unchanged from our previous work on Xe in NaA. 6 The Ar-O and Ar-Na parameters were obtained by adjusting to the adsorption isotherms of pure argon in NaA at 195 K and 303 K, 30, 31 starting from the initial parameter set used by Kiselev and Du for NaX. 32 The set r 0 ϭ3.0 Å, ⑀/kϭ159.24 K for Ar-O and r 0 ϭ3.236 Å, ⑀/kϭ35.82 K for Ar-Na gives simulated adsorption isotherms that are in good agreement with experimental data at both temperatures. The Xe-Xe potential used is of the Maitland-Smith form, as described in our previous simulations of Xe in NaA, fitted to the best available Xe-Xe potential of Aziz and Slaman. 6, 33 Likewise the Xe-Ar and the Ar-Ar potentials were taken from the best available potentials of Aziz et al., 34, 35 and fitted to the Maitland-Smith form. The values of m and ␥ were initially taken from the recommended set of Maitland et al. 36 Final values used in this work are mϭ13, ␥ϭ8.0 for Xe-Ar and mϭ13, ␥ϭ7.5 for Ar-Ar. A minimum separation was imposed on all pairs of interacting atoms, corresponding to the distance at which the potential energy is equal to 5kT, the probability of configurations involving shorter distances being less than exp͑Ϫ5͒. This is employed to save computational time by excluding configurations that are extremely unlikely. The simulation box is a unit cell of zeolite NaA, with the atomic coordinates, including the Na cations, taken from the x-ray single crystal refinement of the dehydrated zeolite by Pluth and Smith. 37 This is unchanged from our previous work. 6 Periodic boundary conditions were imposed using the minimum image convention, consistent with the cut-and-shifted potentials employed. 38 The Markov chain is constructed using the Norman-Filinov method, that is, using three equally weighted types of moves, one involving displacement of a particle, and two moves randomly chosen from destruction or creation of a particle, 39 a technique used by Woods and Rowlinson 40 and in our previous work. 6 The core of the program effects the creation/destruction and displacement of one atom at a time and calculates the associated energy change, ⌬U in each case. This is used to continuously update the total configurational energy of the system, without having to recalculate every interaction at every step. The displacement step uses the adsorbed phase composition in the choice of either fluid. The creation/destruction step begins with the decision to either create or destroy a particle. If the decision is to destroy a particle ͑that is, the particle is assumed to go into the gas phase͒ the choice between destroying an atom of Xe or Ar is made proportionately to the gas phase composition, i.e., Xe and Ar . If the decision is to create a particle ͑i.e., remove it from the bulk gas and place it in the zeolite͒, the choice of creating an atom of Xe or Ar is made according to the gas phase composition. A single atom of the chosen fluid is then created at a random position in the zeolite. Therefore, it is necessary to know a priori the ratio of the gas densities in equilibrium with the adsorbed phase before the simulation starts. This is easily done by first calculating the chemical potential of the Xe and the Ar appropriate to the temperature and densities in the gas mixture, using the virial coefficients,
These values of the chemical potential are the same for the adsorbed phase with which the gas mixture is in equilibrium. These chemical potentials, the temperature, and the mole fraction of Xe in the gas are the parameters of a GCMC simulation. Consistent with the above equations, the pressure of the gas is calculated using the virial equation of state, Xe shielding, like the energy, is taken to be expressible as a sum of pairwise contributions, using atomatom shielding functions that are likewise cut and shifted. The Xe-O and Xe-Na shielding functions are based on ab initio calculations on model systems and are the same as was used in our previous work. 6 The Xe-Xe and the Xe-Ar shielding functions are based on ab initio calculations and are taken from Ref. 29 . These have been shown to reproduce reasonably well the temperature dependent density coefficients of the 129 Xe chemical shifts for pure xenon gas and for Xe in Ar gas mixtures. At each step in the simulation at which the atom-atom interaction energy is calculated, the shielding contribution is calculated too, when one of the atoms involved is a xenon atom. Since the shielding functions go to large negative values at close approach, it is quite important to have Xe-Xe and Xe-Ar potentials that have the correct behavior at these short distances, especially close to r 0 . This is the reason for using accurate two-body potentials rather than Lennard-Jones for Xe-Xe and Xe-Ar. The Maitland-Smith form provides a superior fit to the best Aziz potentials and is just as inexpensive as the Lennard-Jones form in computational overhead.
The results of the GCMC simulations are analyzed to provide the usual one-body distribution functions, pair distribution functions, and occupancies. In addition, the average shieldings for individual mixed clusters Xe n Ar m , which are independent of loading, are accumulated over all the GCMC runs, as well as the averages for Xe n clusters for each ͑ 1 , 2 ,T͒. All calculations reported here were carried out on IBM RISC/6000 ͑models 560 and 365͒ workstations.
RESULTS
The experimental and simulation results reported here are for twelve samples equilibrated at 300 K. Just as for pure Xe in NaA, the exchange rate for Xe atoms from one cage to another is slow enough that distinct assignable peaks corresponding to 1,2,3,...8 Xe atoms in a cage are observed. The peaks corresponding to the n Xe atoms in an alpha cage in the Xe and Ar mixture in NaA have the same line widths as the Xe n peaks observed in pure Xe in NaA; the Ar appears to be in fast exchange at 300 K in these samples. Typical spectra are shown in Fig. 1 . Note how the Xe n chemical shifts change with Ar loading. In Tables I and II and Fig. 2 and 3 we present the experimental results for the twelve samples with various loadings of Xe and Ar in zeolite NaA.
Experimental
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Xe chemical shifts and distributions of xenon atoms
The distributions, the fractions P n of the alpha cages containing n Xe atoms, which have been obtained from the peak intensities, are given in Table I and in Fig. 2 . The general trend observed in the distributions is that P n is largely determined by ͗n͘ Xe , and only secondarily by ͗m͘ Ar , if at all. The
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Xe chemical shifts for Xe n clusters are given in Table II and in Fig. 3 . We report the difference in chemical shift between the Xe n peak in the Xe-Ar mixture in NaA and the Xe n peak in pure xenon in NaA as ͕͗͑Xe n Ar ave ͒͘Ϫ͗͑Xe n ͖͒͘, to more effectively illustrate the effects of the coadsorption. For a given sample, the larger the number of xenon atoms in the cluster the smaller the chemical shift relative to the Xe n in pure xenon in NaA. We note in Fig. 3 that in comparing samples with different Ar loadings, the larger the cluster, the smaller the change in ͕͗͑Xe n Ar ave ͒͘-͗͑Xe n ͖͒͘ with increasing overall ͗m͘ Ar of the sample. For every Xe n , the shielding in the presence of Ar relative to the Xe n cluster in pure Xe, ͕͗͑Xe n Ar ave ͒͘Ϫ͗͑Xe n ͖͒͘ becomes more negative with increasing ͗m͘ Ar . This change becomes more exaggerated with increasing ͗n͘ Xe : in Fig. 3 , note the difference between the low ͗n͘ Xe points ͑᭺͒ and the high ͗n͘ Xe points ͑᭹͒. That is, the 129 Xe chemical shifts relative to the pure xenon Xe n cluster are largely determined by the overall ͗m͘ Ar and only secondarily determined by ͗n͘ Xe in mixtures of Xe and Ar in zeolite NaA. In contrast, the average cluster shifts ͗͑Xe n ͒͘ observed in pure xenon in NaA are completely independent of ͗n͘ Xe . This secondary dependence of the 129 Xe chemical shifts in mixtures of Xe and Ar in zeolite NaA on ͗n͘ Xe is a very interesting feature of coadsorption which we will explore in detail.
Grand canonical Monte Carlo simulations
GCMC simulations were carried out for mixtures of various gas phase compositions ͑ 1 , 2 ,T͒, and the simulations most closely matching the experimental values of ͗n͘ Xe and ͗m͘ Ar are shown here for comparison with experiment.
Each experimental sample has about 2ϫ10 19 alpha cages, whereas the GCMC simulations provide typically 2.4ϫ10 7 properly weighted snapshots of alpha cages. The fractions of alpha cages containing n Xe atoms obtained from the simulations are shown in Table I and Fig. 2 . The simulations also provide the average number of Ar atoms associated with each individual Xe n and these are shown in Table III . The results of the 129 Xe shielding calculations for the Xe n clusters in the Xe-Ar mixture in NaA in the GCMC simulation are compared with the GCMC simulations of pure Xe in the same simulation box and the resulting differences in shielding ͕͗͑Xe n Ar ave ͒͘-͗͑Xe n ͖͒͘ are shown in Table II . These differences may be compared directly with experiment, are a direct measure of the intermolecular effects of Ar, and are therefore a direct measure of the average number of Ar atoms in the cage with Xe n . It should be noted that when the fraction of cages containing Xe n in the sample is small, then the number of configurations over which the chemical shift is averaged may not be large enough to obtain a statistically valid average. The chemical shifts in those cages represented by P n Ͻ0.005 are shown enclosed in parentheses in Table II and the chemical shifts in those cages represented by P n Ͻ0.0005 are not shown at all. In Fig. 4 the total intermolecular chemical shift measured relative to the isolated Xe atom, the 129 Xe chemical shift for Xe n in an alpha cage with an average number of Ar atoms under fast exchange ͑which is directly calculated in the GCMC simulation͒ is plotted in comparison with the experimental values measured relative to the same reference. We see that in an absolute measure, the chemical shifts that we calculate are in rather good agreement with experiment.
One-body distribution functions are shown in Fig. 5 for Xe 1 in samples with various ͗m͘ Ar . These correspond to the probability of finding the center of a Xe atom within a voxel 0.307 Å on the side in the alpha cage. The one-body distribution function of xenon in the alpha cages containing Xe 1 is a good indicator of how the probability distribution of the Xe atoms in the alpha cage is affected by increasing the number of Ar atoms in the same cage with it. These probabilities become more localized ͑more sharply peaked͒ with increasing number of Ar atoms in the same cage with the xenon. As When there is at least one other Xe atom in the same alpha cage, the pair distribution functions provide good comparisons among the distribution of Xe-Xe, Xe-Ar, and Ar-Ar distances. We also obtained one-body distribution functions and overall pair distribution functions which are averages for the Xe-Ar mixture at the overall ͗m͘ Ar and ͗n͘ Xe associated with a given ͑ 1 , 2 ,T͒, but these are averages which are not nearly as informative as the examples in Fig. 5 and 6 . We also determined some minimum energy configurations for mixed clusters by methods described earlier. 43 Starting points for the determination of minimum energy configurations are collected during the GCMC runs by saving the lowest energy configuration of each mixed cluster found in the eight cages of the simulation box in each run. These provide a large number of independent starting configurations for steepest descent method or other methods of locating the closest local minimum. Some of the starting configurations descend into the same local minimum. For purposes of illustration we specifically collected configurations of two mixed clusters Xe 2 Ar 4 and Xe 4 Ar 2 . The lowest energy configuration found for each are shown in Fig. 7 many interesting aspects of the mixed cluster configurations.
First let us examine the relevant interatomic distances. These are shown in Table IV with the r min of the pair interaction potential for comparison. The lowest energy configuration found for Xe 2 Ar 4 has the characteristic distances ͑Structure I͒ shown in Table IV , although other distinct configurations were found, one only 119 J mol Ϫ1 above this ͑Structure II͒. Similarly, the lowest energy configuration found for Xe 4 Ar 2 has the characteristic distances shown ͑Structure II͒ but there are several other configurations only 14 -90 J mol Ϫ1 above this one which has only very slightly different distances ͑a typical one is Structure I͒ shown in Table IV . Just as was found for the pure Xe n clusters, there are usually several nearly equivalent configurations which differ only in their orientation relative to the alpha cage, but which maintain the same or very nearly the same Xe-Xe, Xe-Ar, and Ar-Ar distances.
Let us first consider the mixed cluster Xe 2 Ar 4 . The Xe-Xe distance at 5.03 Å is longer than the typical nearest Xe-Xe distances in the pure Xe n clusters in zeolite NaA at their minimum energy configurations, 4.2 and 4.7 Å for Xe 2 , for example. 43 We had found earlier that the distances between the 11 adsorption sites ͑3.6, 5.1, 6.2, and 7.2 Å͒ make it energetically unfavorable for two Xe atoms to be in register with the Xe-zeolite potential minima and simultaneously be 3.6 Å apart. The large Xe-Xe repulsive energies at such close separations is relieved by a compromise arrangement in which the Xe-Xe distance is within the r min of the Xe 2 are found to be close to the wall of the zeolite cage, as seen in the example in Fig. 7 .
Let us now consider the mixed cluster Xe 4 Ar 2 . There are several equivalent configurations ͑Structure I͒ which differ only in their orientation with respect to the alpha cage and have essentially identical interatomic distances. There are four favorably short Xe-Xe distances ͑4.2-4.6 Å͒, five short Xe-Ar distances ͑3.93-3.98 Å͒, but an unusually long Ar-Ar distance ͑7.2 Å͒. Another configuration with nearly identical energy ͑Structure II͒ has three Xe-Xe distances in the range 4.8 -5.0 Å, six favorably short Xe-Ar distances ͑3.9-4.1 Å͒ and a favorable Ar-Ar distance ͑3.81 Å͒. This structure has three Xe atoms very close to the adsorption sites but one is an unusually large distance away ͑2.83 Å͒.
The minimum energy structures for selected mixed clusters in Fig. 7 agree with what we see in the average one-body and pair distribution functions at 300 K, as shown in Figs. 5 and 6. As we have seen already, in the example of Structures I and II of the Xe 4 Ar 2 cluster, there are many local minima in the potential surface of a mixed cluster with different combinations of Xe-Xe, Xe-Ar and Ar-Ar distances. The average pair distribution functions at 300 K, such as those seen in important consequences of these not unexpected GCMC results which are manifested in the experimentally observed distribution and
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Xe chemical shifts in the coadsorbed system in NaA.
DISCUSSIONS The statistical (hypergeometric) distribution of a binary mixture of distinguishable but equivalent atoms
A simple model for the distribution of molecules in the cages of a zeolite is the hypergeometric distribution. 44 By assuming that molecules occupy K mutually exclusive lattice sites in the subvolume ͑alpha cage͒, for N molecules in a volume V, the probability H i that any subvolume contains i molecules has been derived, 45 
H i ϭ
where M is the number of subvolumes in the volume V and
In the limit where the number of subvolumes and N are very large, it can be shown that the above expression approaches the limiting form,
where ͗i͘ϭN/M ϭthe average number of molecules per subvolume. In the case of xenon in the alpha cages of zeolite NaA, it can be assumed that Kϭ8 is a reasonable model since the Xe 8 cluster has been observed but not Xe 9 . We can derive a simple model for binary mixtures in which the two components are distinguishable but equivalent, that is, they compete equally for the same lattice sites under the rule of mutual exclusion. We consider blue and red particles in a binary mixture containing an average number, ͗n͘, blue particles per alpha cage and an average number, ͗m͘, red particles per alpha cage. The intrinsic probability of finding a blue particle is ͗n͘/(͗n͘ϩ͗m͘) and the number of ways of arranging n blues and m reds is (nϩm)!/n!m! Thus, the fraction, f (n,m), of alpha cages containing specifically n blues and m reds is simply related to the fractions H i where iϭnϩm, that is,
where, H i is the fraction of cages having i particles regardless of color, given by the equation above. Supposing that only blue particles can be observed, we wish to know the fraction, P n , of cages containing specifically n blue particles, regardless of the number of red particles with it, which is given by, Xe. For Xe and Ar in an alpha cage of zeolite NaA, there are different numbers of maximum occupancies for Xe and Ar, 8 for Xe and probably 11 for Ar, so this statistical model is not valid. Nevertheless, it serves as a means of gaining insight into the complex problem of detailed distributions of adsorbates in competitive adsorption and also provides a limiting case with which we may compare the more realistic GCMC simulations. For example, with the f (n,m) estimated from the model hypergeometric distribution for a sample of arbitrary loading of Xe and Ar, the average properties of the system can be calculated. The similarities in trends ͑with loading͒ between the GCMC and the hypergeometric distribution based on the strictly statistical ideal mixture can be attributed to the properties of the latter, whereas the differences between their trends can be attributed to the non-ideal nature of the mixed adsorbates. For example, Fig. 8 shows the dependence of f (n,m) on n and m for selected values of ͗n͘ and ͗m͘, compared with the results of GCMC simulations for the same overall ͗n͘ and ͗m͘.
We have already mentioned that the 129 Xe chemical shift observed for the cages containing n Xe atoms in the samples of adsorbed Xe-Ar mixtures relative to that in the adsorbed pure xenon samples is determined entirely by the average ͓͗m͘ Ar ͔ n for those cages. Therefore, let us examine ͓͗m͘ Ar ͔ n using the strictly statistical hypergeometric distribution of distinguishable equivalent components. We find the expected trends: First of all, for a given sample, ͓͗m͘ Ar ͔ n decreases with increasing n. of the various cage types at high loading of Xe is radically different from the low Xe loading case. As the ͗n͘ Xe varies from 1.0 to 7.0 the total number of sites available for the fixed total number of Ar atoms decreases as the sites are taken up by Xe atoms which are increasing in total number. The consequence is that the ͓͗m͘ Ar ͔ n for each Xe n cluster goes up. This secondary effect is clearly shown by the solid curves in Fig. 9 where a fourth related trend is also observed: the increase in the ͓͗m͘ Ar ͔ n for a given Xe n cluster as the overall ͗n͘ Xe increases, while keeping the overall ͗m͘ Ar the same, is less and less pronounced with increasing n. All these trends are derived from the simple model using the strictly statistical hypergeometric distribution of distinguishable equivalent components. We expect to see these trends also in the real situation where the Xe and Ar are no longer equivalent particles as they are in this model. ͑See below under Deviations From Ideal Mixtures.͒ Since the
129
Xe chemical shift of the Xe n with some average number of Ar atoms depends on the average number of Ar atoms in the cage with it, the larger the ͓͗m͘ Ar ͔ n for that particular Xe n the larger the chemical shift relative to the Xe n in the pure xenon in NaA. Let us see what the strictly statistical model gives us: In Table V we have a model for the average ͓͗m͘ Ar ͔ n for only those cages containing specifically n Xe atoms while keeping the overall ͗m͘ Ar the same for all samples. This model also leads to the prediction that when ͗n͘ Xe is approximately the same in several samples, 129 Xe chemical shift of the Xe n will become larger as the overall ͗m͘ Ar is increased. This trend is indeed observed experimentally. It has to do with the general increase in the ͓͗m͘ Ar ͔ n for each Xe n that we have illustrated in Fig. 9 . How much the Xe n chemical shift increases with an increase in the overall ͗m͘ Ar is almost predictable from the gas phase density dependence of chemical shifts due to Xe-Ar interactions compared to Xe-Xe, 28 and the known incremental chemical shift upon increasing the cluster size in the Xe/NaA system. 5 Thus the Xe n chemical shift in a sample of Xe-Ar in NaA is expected to have a primary dependence on the overall ͗m͘ Ar .
Furthermore, there will be a secondary dependence on the overall ͗n͘ Xe : Since we have already seen in Fig. 9 the increase in the ͓͗m͘ Ar ͔ n for each Xe n as the overall ͗n͘ Xe increases while the overall ͗m͘ Ar remains fixed, we expect for strictly statistical reasons to find the individual Xe n chemical shifts relative to the Xe n in pure Xe in NaA to increase with increasing overall ͗n͘ Xe at fixed overall ͗m͘ Ar . Therefore, the solid curves in Fig. 9 , derived from a simple statistical model, explains in very plain terms why the individual Xe n chemical shifts should vary primarily with overall ͗m͘ Ar and secondarily with overall ͗n͘ Xe , just as observed experimentally. The qualitative trends in the chemical shifts are observed experimentally just as expected from the predictions of a simple model of distinguishable particles which compete equally for the same lattice sites. The larger number of sites per cavity for the Ar atoms and the weaker interactions between the Ar-Ar compared to the Xe-Xe and Xe-Ar, and the different adsorption energies of Xe and Ar have not been taken into account. Quantitative predictions will require a more realistic model, such as the GCMC simulations. However, the strictly statistical results offer considerable insight even at this crude level.
Comparison of the GCMC Xe-Ar distribution with experiment
In Table I and Fig. 2 we show a comparison of the experimental P n with the P n obtained from GCMC simulations of Xe-Ar mixtures at close to the experimental values of overall ͗n͘ Xe and overall ͗m͘ Ar . The simulations quantitatively reproduce the experimental observations for all 12 samples. Another important comparison with experiment is the ͓͗m͘ Ar ͔ n associated with each Xe n , which determines the 129 Xe chemical shift observed for Xe n with Ar under fast exchange in a given sample. The values obtained from the GCMC simulation are compared in Table III with those estimated from the experimental chemical shifts as described earlier. We find the agreement is quite reasonable, given the approximations associated with the estimates.
How well does the simple model of distinguishable equivalent particles do in comparison with experimental estimates or the results of the GCMC simulations? The values predicted by the hypergeometric model are also shown in Table III . It is even more enlightening to compare the ideal mixtures with the same overall ͗m͘ red ϭ1.0 and various ͗n͘ blue ͑shown in Fig. 9 as solid curves͒ with the GCMC ͑results shown as points͒ for almost the same overall ͗m͘ Ar   FIG. 9 . The solid curves are the average number of Ar atoms in the same cage as the Xe n cluster, ͓͗m͘ Ar ͔ n vs overall ͗n͘ Xe for fixed overall ͗m͘ Ar ϭ1.00, calculated from the hypergeometric distribution. The points are the average number of Ar atoms in the same cage as the Xe n cluster, ͓͗m͘ Ar ͔ n vs overall ͗n͘ Xe for almost identical overall ͗m͘ Ar ͑0.986 -1.013͒, calculated from GCMC simulations.
͑0.986 -1.013͒ and various ͗n͘ Xe . The trends are qualitatively the same which emphasizes the usefulness of a simple model. For this low loading of coadsorbate, the simple model should do very well since at low numbers of Ar the difference in size between the Xe and the Ar does not significantly affect the distribution of Ar atoms among the cages containing Xe atoms. At much higher loading the discrepancies could be more pronounced. At low overall Ar loading ͑over-all ͗m͘ Ar Х1.0͒, for the exactly same Xe and Ar loading, the more realistic GCMC model shows that, the ideal hypergeometric mixture predicts too low values of ͓͗m͘ Ar ͔ n for cages containing Xe 2 , Xe 3 , Xe 4 , and Xe 8 , too high ͓͗m͘ Ar ͔ n values for cages containing no Xe atoms, Xe 6 and Xe 7 , and a crossover from too high to too low ͓͗m͘ Ar ͔ n with increasing ͗n͘ Xe for cages containing Xe 1 and Xe 5 . These differences between GCMC results and hypergeometric results for exactly the same overall values of ͗m͘ Ar and ͗n͘ Xe are due to such complexities of the real system as the different pair potentials for Xe-Xe, Xe-Ar, and Ar-Ar, the mutual exclusion not necessarily being associated with a fixed number of lattice sites, and the maximum number of particles that can be accommodated in an alpha cage being variable in the real system, depending on the kinds of particles. The subtle differences of up to about 0.3 Ar atoms in a cage compared to the strictly statistical distribution are due specifically to these factors. Nevertheless, the observed qualitative trends in the variation of the Ar occupancies accompanying different Xe n clusters are just as predicted by the ideal mixture model and are therefore shown to be strictly statistical in origin.
Comparison of GCMC simulations of the average 129
Xe chemical shifts in Xe n clusters with Ar under fast exchange with experiment
One of the interesting experimental observations in Table II is that the larger the Xe n cluster the smaller the dependence of the 129 Xe chemical shift on the overall ͗m͘ Ar . This is observed despite the fact that the larger Xe n clusters have larger incremental shifts. The explanation for this is an obvious one: Xe 1 can have any number from 1 to 9 Ar atoms with it in the cage, and the Xe 1 chemical shift can thus vary over a wide range, according to the ͓͗m͘ Ar ͔ 1 for the cages containing only one Xe atom, as the overall ͗m͘ Ar is varied.
On the other hand Xe 7 can have at most 1 or 2 Ar atoms with it in the cage, no matter how much the overall ͗m͘ Ar is increased. Now let us see how well the GCMC simulations predict the observed 129 Xe chemical shifts in the mixture compared to that in the pure Xe in NaA. In Fig. 4 we compare the experimental Xe n cluster chemical shifts in 12 different samples of Xe-Ar mixtures in NaA with the GCMC simulations of the average chemical shifts in Xe-Ar systems with close to the same values of overall ͗n͘ Xe and overall ͗m͘ Ar as the twelve samples. The agreement with experiment is reasonably good. These chemical shifts are measured relative to an isolated Xe atom and are therefore a measure of the total intermolecular shielding. The shielding difference between Xe n with Ar under fast exchange and Xe n alone is a more stringent test. On an individual one-to-one comparison in Table II , these simulated shielding differences are in quantitative agreement with experiment. The trends with increasing overall ͗m͘ Ar of the shielding differences ͕͗͑Xe n Ar ave ͒͘-͗͑Xe n ͖͒͘ for samples with overall ͗n͘ Xe close to 1, those for overall ͗n͘ Xe close to 2, and those whose Xe loadings are higher yet, are preserved, especially for the smaller clusters.
Let us now consider the 129 Xe chemical shifts in the Xe-Ar mixture compared to that in the pure Xe in NaA using the f (n,m) from the hypergeometric distribution to calculate the average Xe shielding under fast exchange of Ar by the equation,
and compare the quantity on the left side of the equation with what we observe experimentally. The average shielding of a mixed cluster ͑Xe n Ar m ͒ is taken from the GCMC simulations. In Table II Table II we find the magnitude of ͕͗͑Xe n Ar ͗m͘ ͒͘ hyp -͗͑Xe n ͖͘ is somewhat larger than experiment. The discrepancy relative to experiment generally increases with increasing n in the same sample and is generally worse for larger ͓͗m͘ Ar ͔ n and for larger overall ͗n͘ Xe .
To investigate the strictly statistical components of the observed changes in the Xe n chemical shifts, we make in Fig. 10 This observed dependence of the Xe n cluster shifts on the Xe loading in the Xe-Ar mixture, in contrast to the invariance of the Xe n cluster shifts with the Xe loading in pure Xe, is a property of the ideal mixture, so its occurrence is strictly a statistical phenomenon, not a result of the differences between Xe and Ar, or their interactions with each other, or with their different interactions with the zeolite cage. Indeed, when we superimpose the values from experiment onto the ideal hypergeometric mixture curves in Fig. 10 , we see that the qualitative features of the experimental data are very similar to the ideal mixture curves, which further supports 1 and Xe 2 , the experimental points do fall reasonably close to the curves for the idealized model. The slopes of the experimental data systematically become less steep as the cluster size n increases, just as predicted by the simple model. However, while the predicted curves for the Xe 1 and Xe 2 peaks are nearly the same as for experiment, the experimental slopes for the higher Xe n change much more drastically with increasing n than those in the hypergeometric ideal mixture. The latter remain fairly steep through nϭ7, unlike the experiment. These detailed differences between the simple model and the experiment are due to those aspects of the distribution of unlike particles into the alpha cages that can be attributed to the differences between Xe-Xe, Xe-Ar, and Ar-Ar interactions, as well as differences between Xecage and Ar-cage interactions.
Deviations from ideal mixture behavior
We have used the strictly statistical model derived from the hypergeometric distribution as the limiting case of an ideal mixture for the case where there are exactly eight lattice sites for which both components are competing. We have also offered the GCMC simulations as a more realistic description of the actual system which compares favorably with experiment. Let us now consider specifically the deviations from the ideal mixture behavior.
First let us consider the distribution of Xe and Ar atoms among the cages. There are some interesting comparisons in Table I and Fig. 2: ͑a͒ In the hypergeometric model, for a given ͗n͘ blue , varying ͗m͘ red has absolutely no effect on P n even though values of f (n,m) changed with the changing ͗m͘ red since H (nϩm) is independent of ͗n͘ and ͗m͘. That is, treating Ar as competing equally with Xe for the same eight sites leads to relative spectral intensities that are dependent only on ͗n͘ Xe , not at all on ͗m͘ Ar . the experimental data have a relatively smaller fraction of the smaller clusters and a larger fraction of the larger clusters up to Xe 7 . Experimental fractions of Xe 8 are always much smaller than predicted by the hypergeometric distribution.
͑d͒ The f (n,m) predicted by the hypergeometric distribution can be compared with the GCMC results in Fig. 8 . Although the general shape of the surface is qualitatively similar, especially for small n and m, the differences between the more realistic GCMC distributions and the ideal mixture distributions become more pronounced at large n.
͑e͒ For the case where ͗n͘ϭ͗m͘ exactly, the fractions f (i, j) and f ( j,i) are exactly equal for all i j pairs in the hypergeometric distribution of blue and red xenon atoms.
That is, if the f (i, j) surface is plotted for a given ͗n͘ϭ͗m͘, the contours would be symmetrical about the 45 deg line. For ͗n͘ Xe ϭ͗m͘ Ar , we would like to compare GCMC values of f ͑Xe i Ar j ͒ with f ͑Xe j Ar i ͒ for all i j and see how it is different from the hypergeometric case. In Fig. 11͑a͒ at low loading ͗n͘ϭ͗m͘ϳ0.8, and Fig. 11͑b͒ at higher As mentioned earlier, the distribution is described by specifying the fraction of all alpha cages containing n Xe atoms ͑irrespective of the number of Ar atoms͒, P n , which can be obtained when ͗n͘ Xe is known from mass balance. At loadings ͗n͘ Xe Ͼ4.0, P 0 is essentially zero and P n is the same as g(n), the fraction of those cages occupied by at least one Xe atom. At lower xenon loadings, the experimental fractions g(n), being directly obtained from the peak areas, have less error than the quantities P n derived from them. Therefore we will use g(n) rather than P n in the following discussion. We compare in Fig. 12 the experimental values of g(n) for samples of pure Xe in zeolite NaA and for samples of mixtures of Xe and Ar in NaA. For reference, we also include the fractions g(n) from the hypergeometric distribution. The hypergeometric distribution gives a reasonably good representation of the distribution at low ͗n͘ Xe but not at higher values of ͗n͘ Xe . As was suggested by Ref. 4 , the hypergeometric distribution is a very reasonable model for arriving at the fraction P 0 of empty cages in the pure Xe in NaA system. It can be observed in Fig. 12 that the distributions among the filled cages are also reasonably represented by the hypergeometric distribution for ͗n͘ Xe, spectrosc Ͻ3, although the systematic deviations are quite clear: the experimental distributions of g(n) vs ͗n͘ Xe, spectrosc are narrower and more peaked. The results of the GCMC simulations for Xe-Ar mixtures ͑not shown͒ agree very well with the experimental data for the Xe-Ar system in the shapes of the g(n) curves and their maxima.
The most striking observation from these experimental data is that the distribution of the Xe atoms among those cages occupied by Xe atoms is hardly affected by whether there are also Ar atoms in the cages or not. We see that, within experimental error, the points corresponding to g(n) for Xe in cages of zeolite NaA that are also occupied by Ar atoms ͑᭹͒ fall among the points corresponding to g(n) for Xe in the pure Xe in zeolite NaA system ͑ᮀ͒. The differences between these two types of points do not show a systematic trend, and indeed, within the scatter of the experimental data, both sets of points could be fitted to curves resembling the solid curves for the hypergeometric distribution in shape but having the narrower widths and shifted maxima that are found in the GCMC results. For the limiting case of the ideal mixture following the hypergeometric distribution: ͗n͘ blue, spectrosc is completely independent of the value of ͗m͘ red . Also, the individual fractions g(n) of those cages occupied by one or more blue particles are exactly the same for samples with the mixed occupancy ͗n͘ blue and ͗m͘ red , for any arbitrary ͗m͘ red , including ͗m͘ red ϭ0. Once again, we find that it is convenient to have a model for the limiting case. The actual g(n) values for Xe in mixtures of Xe and Ar in zeolite NaA deviate measurably from the values obtained by the hypergeometric distribution, but the invariance of these g(n) with respect to the overall ͗m͘ Ar appears to be in agreement with experiment. Other coadsorbates than Ar could lead to a systematic variation of g(n) with respect to the overall ͗m͘ that may be large FIG. 12 . Experimental equilibrium distribution of Xe atoms at 300 K among those cages occupied by Xe atoms. Shown are the fraction g(n) of cages containing Xe n in samples of zeolite NaA containing: ͑ᮀ͒ pure Xe and ͑᭹͒ a mixture of Xe and Ar. The fractions predicted by the hypergeometric distribution for eight equivalent lattice sites is shown as the solid curve in each case. enough to observe experimentally. We are currently investigating such examples as CO 2 molecules and other coadsorbates with Xe in NaA.
The selectivity coefficient and ideal adsorbed solution theory
The separation factors obtained from GCMC simulations in the binary mixture can be compared with the theoretical separation factors that may be obtained from the individual single-component adsorption isotherms if each component adsorbed independently of the other. In Fig. 13 we show the separation factors or selectivity coefficients from GCMC simulations compared with those calculated from the pure isotherms using ideal adsorbed solution ͑IAS͒ theory. We use the conventional definition of selectivity as the ratio of the mole fractions in the zeolite to the ratio of the mole fractions in the bulk. 19 ͗n͘ Xe ͑ p ͒ dp p for the pure components using the adsorption isotherms from the GCMC simulations of the pure Xe and pure Ar in zeolite NaA. Then from the plots of (A/RT) vs p we obtain at a given total pressure the mole fractions x Xe and y Xe . 19 The agreement of the IAS curves with the actual GCMC results ͑shown in Fig. 13͒ for mixtures of Xe and Ar in NaA is reasonably good. In previous applications, IAS theory had been successful when the molecular volumes of the two components are nearly the same and/or at low loading. 9, 12, 18, 47 Neither of these conditions hold for our Xe-Ar mixtures in NaA. Xe and Ar have very different molecular volumes in our samples ranging from 2.0 to 6.4 atoms per cage. Nevertheless the GCMC results and the predictions of IAS theory in this case are in reasonably good agreement. The same deviations of the GCMC results from IAS theory at high loading are obtained using a particle insertion scheme ͑suggested by Mezei 48 ͒ that is more efficient for high densities than the standard Norman-Filinov scheme. The results of this cavity-biased sampling method are also shown in Fig. 13 .
CONCLUSIONS
We have investigated the Xe-Ar mixture in zeolite NaA as a model system for competitive adsorption in microporous solids. For the first time it has been possible to determine experimentally the average number of molecules of the second sorbate occupying the same cage as n atoms of the first sorbate. The Xe n clusters are trapped in the alpha cages of this zeolite for times sufficiently long that it is possible to observe individual peaks in the NMR spectrum for each cluster while the Ar atoms are in fast exchange between the cages and also with the gas outside. The 129 Xe nuclear magnetic resonance spectra of 12 samples of varying Xe and Ar loadings provide detailed information in the form of 129 Xe chemical shifts and the intensities of the peaks which are dependent on the average argon and xenon occupancies. Although the detailed distributions, ͓f ͑Xe n Ar m ͒, the fractions of cages containing n Xe atoms and m Ar atoms͔ have not been observed directly in this system, this information is convoluted into both the observed 129 Xe chemical shifts for the Xe n peaks and the observed distributions P n , the fraction of cages containing n Xe atoms regardless of the number of Ar atoms. Therefore, these two types of observables provide critical tests for computer simulations of f ͑Xe n Ar m ͒. Grand canonical Monte Carlo simulations of mixtures of Xe and Ar in a rigid zeolite NaA lattice provide the detailed distributions and the average cluster shifts, as well as the distributions P n . The agreement with experiment is reasonably good for all 12 samples. The absolute chemical shifts for all the Xe n peaks observed at 300 K in the 12 samples, spanning a 200 ppm range, are well reproduced by the GCMC simulations.
We have also derived a strictly statistical model of a binary mixture from the hypergeometric distribution, in which the component atoms are distinguishable but equivalent in competition for eight lattice sites per cage under mutual exclusion. This simple model provides a limiting case with which both the GCMC simulations and the actual Xe-Ar system may be compared. This model is found to be very helpful in understanding the experimental observations, for the strictly statistical components of the observed trends FIG. 13 . The selectivity coefficients S XeAr obtained from GCMC simulations by the Norman-Filinov method described in the text and by a cavitybiased sampling method due to Mezei ͑Ref. 48͒ ͑CBGCMC͒ are compared with the predictions of IAS theory from the adsorption isotherms of pure Xe and Ar. The mole fraction of Ar in the gas phase is y Ar ϭ0.9 ͑᭝, ᭡͒ and y Ar ϭ0.5 ͑᭺, ᭹͒ and all simulations are at 300 K.
